The Deutsch-Märk ͑DM͒ formalism was used to calculate absolute electron impact ionization cross sections for the metal oxide molecules AlO, Al 2 O, and WO x (xϭ1 -3). These molecules are important in materials research and they are also found as impurities in the plasma edge of fusion reactors. We also calculated ionization cross sections for the atoms Al and W. In the case of the Al-containing compounds, we find an unexpected ordering of the maximum ionization cross section . These findings can be understood by analyzing the DM calculations for these species as well as on the basis of semi-classical arguments. In addition, calculations using the semi-empirical modified additivity rule confirm the trends in the cross section ordering for, respectively, the Al-containing and W-containing compounds that was predicted by the DM formalism, at least qualitatively.
I. INTRODUCTION
There is an urgent need for ionization cross sections in the mass spectrometric analysis of inorganic high temperature vapors. Knudsen effusion mass spectrometry ͑see Ref. 1 , and references quoted therein͒ and high pressure mass spectrometry ͑see Ref. 2 , and references quoted therein͒ are the most powerful methods for the analysis of such vapors. Numerous high temperature inorganic vapor species were identified by these methods for the first time and their partial pressures could be determined. 1, 2 Ionization cross sections are necessary for the computation of partial pressures from the measured ion intensities which are used for the evaluation of thermodynamic data describing the stability of gaseous species. The data are incorporated in thermodynamic data bases and are widely used. The uncertainty originating from estimated ionization cross sections for the molecular species is generally high. 3, 4 This applies also for the oxide species AlO͑g͒, Al 2 O͑g͒, WO͑g͒, and WO 2 , as well as AlO͑g͒ and Al 2 O͑g͒ which are major vapor species over Al 2 O 3 base ceramics and tungsten. The computations presented in this article form the basis for mass spectrometric vaporization studies of Al 2 O 3 and tungsten to determine more accurate values for the stability of the high temperature vapor species mentioned above. The species AlO͑g͒, Al 2 O͑g͒, WO͑g͒, and WO 2 are additionally important in fusion technology. Atomic tungsten and aluminum are among the atomic impurities in the plasma edge of fusion reactors. 5 In the presence of the omnipresent impurity oxygen, 5 the various Al-and W-oxygen compounds ͑AlO, Al 2 O, WO, WO 2 , and WO 3 ͒ have to be considered as possible molecular impurities as well. 5 In this article, we present the results of the application of the Deutsch-Märk ͑DM͒ formalism to the calculation of ionization cross sections for the Al-containing molecules AlO, and Al 2 O and for the W-containing molecules WO x (x ϭ1 -3). We also calculated ionization cross sections for the atoms Al and W. The ordering of the maximum in the calculated ionization cross sections max for the Al-containing species exhibits a counterintuitive ordering, max ͑AlO͒ Ͻ max ͑Al͒Ͻ max ͑Al 2 O͒. Furthermore, the maximum ionization cross section for the four W-containing compounds W, WO, WO 2 , and WO 3 is roughly the same with a value in the range of 6 -7ϫ10 Ϫ16 cm 2 , a finding that is also not expected intuitively. An attempt is made to explain these findings by analyzing the DM calculations for these species as well as on the basis of semi-classical arguments. In addition, we carried out calculations using the semi-empirical modified additivity rule ͑MAR͒ which confirmed the trends in the cross section ordering for, respectively, the Al-containing and W-containing compounds obtained from the DM formalism, at least qualitatively.
II. THEORETICAL BACKGROUND
A detailed discussion of the DM formalism as applied to molecules can be found in the recent review of Deutsch et al. 6 to which we refer the reader for an in-depth discussion of the DM method. Briefly, the DM formula for the calculation of the absolute electron-impact ionization cross section of an atom has the form
where (r nl ) 2 is the radius of maximum radial density of the atomic subshell characterized by the quantum numbers n and l ͑column 1 in the tables of Desclaux 7 ͒, nl refers to the number of atomic electrons in the ͑n,l͒ subshell, and the g nl are appropriately chosen weighting factors which are given in Ref. 6 . The function f (U) describes the energy dependence of the ionization cross section where U is the reduced collision energy, UϭE/E nl . E denotes the energy of the incident electron and E nl refers to the ionization energy in the ͑n,l͒ subshell. The function f (U) has the explicit form 6 to express the molecular ionization cross section in terms of the atomic cross section formula of Eq. ͑1͒. This requires a Mulliken population analysis 8 or an equivalent method that expresses the molecular orbitals in terms of the atomic orbitals of the constituent atoms and determines the atomic orbital populations.
III. RESULTS AND DISCUSSION

A. Calculations using the DM formalism
The calculations presented in this article involve several metal oxide molecules. Different atomic basis sets and quantum chemical methods were used to determine the molecular geometries, the atomic orbital coefficients ͑orbital populations͒, and the ionization energies of the various molecules. Since no experimentally determined ionization cross sections for atomic tungsten ͑W͒ are available in the literature to the best of our knowledge, we also carried out a DM calculation for W using the original DM formula of Eq. ͑1͒. The quantum chemical information together with all parameters required to carry out the DM calculations for the five molecules presented in this publication are listed in tabular form in Tables I-VI. We note that a comparison of the calculated lowest ionization energies listed in Tables I-VI with known experimental values 9 shows that the Mulliken population analyses reproduce the experimental values very well for AlO and Al 2 O, and reasonably well for WO 3 , but that there are discrepancies in the case of WO and WO 2 ͑see discussion below͒. Figure 1 shows the calculated ionization cross sections for AlO and Al 2 O together with the atomic Al ionization cross section. We note that in the case of Al the calculated ionization cross sections and the measured cross sections 10 are in good agreement. The cross section ordering depicted in Fig. 1 is noteworthy. We find a surprising ordering of the maximum ionization cross section values max , max ͑AlO͒ Ͻ max ͑Al͒Ͻ max ͑Al 2 O͒, i.e., the maximum ionization cross section of the molecule AlO is smaller than the maximum atomic Al ionization cross section by almost a factor of 2, whereas the Al 2 O cross section exceeds the Al cross section by about 25% and the AlO cross section by a factor of 2.5. In fact, the entire cross section curves show the above ordering qualitatively for all electron energies above about 20 eV.
This ordering can be understood by analyzing the DM cross section formula. Table II shows that AlO has an ionization threshold of 9.64 eV ͑for the outermost valence orbital͒ which is almost 4 eV higher than the ionization energy of atomic Al ͓which is about 6 eV for the lone electron in the outermost Al 3s subshell͔. Moreover, the ionization energy of the second outermost AlO molecular orbital ͑14.24 eV͒ is also more than 3 eV higher than the ionization energy of the second outermost atomic subshell, Al 3p, of about 11 eV. As the DM formalism mandates that the product (E nl •g nl ) of ionization energy E nl and weighting factor g nl , the so-called ''reduced weighting factor,'' is a constant for any given atomic subshell ͑n,l͒, 6 the shift in the ionization energies for the two outermost orbitals by more than 3 eV in each case means that the weighting factors for the Al 3s and Al 3p contributions to the ionization cross section for AlO are significantly smaller than the contributions of the same subshells to the atomic Al ionization cross section. In addition, there is a significant atomic oxygen contribution, primarily O 2p, in the atomic orbital populations of the two outermost molecular AlO orbitals. These oxygen orbitals have significantly smaller radii than the Al orbitals. Since the calculated ionization cross section depends on (r nl ) 2 ͓see Eq. ͑1͔͒, the oxygen orbitals contribute much less to the AlO ionization cross section than the Al orbitals. This explains why the calculated AlO ionization cross section is much smaller than the atomic Al ionization cross section.
Similar arguments can be used to understand why the Al 2 O ionization cross section is much larger ͑by a factor of 2.5!͒ than the AlO ionization cross section. Al 2 O has an ionization energy that is 1.5 eV lower compared to that of AlO. In addition, there are five molecular orbitals with ionization energies below 17 eV, which account for most of the Al 2 O ionization cross section. The electrons in these orbitals have comparatively large weighting factors. Moreover, when compared to AlO, the oxygen contributions in the two outermost molecular orbitals of Al 2 O are much smaller than the corresponding oxygen contributions in the two outermost molecular orbitals of AlO. This explains why the Al 2 O ionization cross section is much larger than the AlO ionization cross section. On the other hand, the facts that ͑i͒ Al 2 O has a larger ionization energy than Al and that ͑ii͒ the outermost molecular orbitals have some oxygen contributions in their molecular orbitals explain why the Al 2 O ionization cross section is only about 30% larger than the atomic Al ioniza- tion cross section rather than by a factor of 2 or more which is what one might expect intuitively. A semi-classical explanation of the unexpected cross section ordering for Al, AlO, and Al 2 O utilizes the calculated atomic orbital populations ͑Tables II and III͒ in connection with the fact that the atomic Al ionization cross section is much larger ͑by almost a factor of 6!͒ than the atomic oxygen ionization cross section. The dominant contributions to the AlO ionization cross section arise from molecular orbitals with significant oxygen atomic population, primarily TABLE V. Atomic orbital populations and other parameters required for the DM calculation of the ionization cross section of WO 2 . Listed are the effective electron population nl in the respective ͑n,l͒ subshells, the binding energies E nl , ͑Ref. 7͒, the corresponding weighting factors g nl , the radii r nl ͑Ref. 7͒ and the atomic orbital type. We note that only the outermost 13 molecular orbitals have been considered, since contributions from the remaining 32 core molecular orbitals to the ionization cross section are negligible. The optimization of the WO 2 geometry was performed by B3LYP calculations with the SDD basis set ͑Refs. 20 and 21͒, while the same basis set and the MP2 method were used to calculate the E nl . The atomic orbital populations were derived from RHF calculations with the CEP-4G basis set and effective core potentials ͑Ref. O 2p. Since the O atom has an ionization cross section which is much smaller than that of the Al atom, the resultant AlO cross section is much smaller than the atomic Al ionization cross section. In contrast to AlO, the two outermost Al 2 O orbitals have significant Al atomic populations, so that the large Al ionization cross section dominates the Al 2 O cross section. However, the Al 2 O molecular orbitals labeled number 12-15 in Table III have appreciable atomic oxygen populations, which explains why the Al 2 O ionization cross section is only slightly larger than the atomic Al ionization cross section. The situation is quite different for atomic tungsten ͑W͒ and the WO x (xϭ1 -3) molecules. As can be seen in Fig. 2 , all four species have roughly the same maximum ionization cross section with peak values in the range 6 -7 ϫ10 Ϫ16 cm 2 . Furthermore, the energy dependence of the calculated W and WO ionization cross sections, on the one hand, and that of the WO 2 and WO 3 ionization cross sections, on the other hand, are very similar. The W and WO cross sections peak at around 35 eV, whereas the WO 2 and WO 3 cross sections reach their maximum at higher energies, 60 eV ͑WO 2 ͒ and 75 eV ͑WO 3 ͒. This behavior is not unexpected, if one assumes that the well known ''rule of thumb'' 11 which stipulates that atomic ionization cross sections reach their maximum at impact energies that are a few times the ionization energy is also applicable to molecular ionization cross sections. We note that there are no measured values of the W ionization cross section to the best of our knowledge. The W ionization cross section for W shown in Fig. 2 has also been calculated using the DM formalism. Even though the calculated ionization energy of WO ͑6.4 eV͒ is about 1.5 eV lower than that of atomic W ͑8.1 eV͒, which results in larger weighting factors for WO, three of the five outermost WO orbitals have atomic populations with significant oxygen contributions ͑see Table IV͒ . Because of the smaller radii of the O 2s and O 2p orbitals compared to the W orbitals, in particular compared to W 5d and W 6s, the net result is a WO ionization cross section that is only marginally larger than the W ionization cross section. Both WO 2 and WO 3 have calculated ionization energies that are 5-6 eV higher than the ionization energy of WO and, consequently, WO 2 and WO 3 have smaller weighting factors. Furthermore, the outermost WO 2 and WO 3 orbitals have atomic populations with appreciable oxygen contributions. This explains why their respective ionization cross sections are not larger than the WO ionization cross section, but in fact are even somewhat smaller.
As mentioned above, the lowest ionization energies for WO and WO 2 that were calculated in the present work ͑Tables IV and V͒ differ from the experimentally determined ionization energies for these molecules. 9 In the case of WO 2 , the difference between the calculated value ͑11.7 eV͒ and the measured value ͑9.5 eV with a 0.5 eV uncertainty, which is the average value of five individual measurements͒ 9 is about 2 eV. Substitution of the experimental value for the calculated value in the ionization cross section calculation results in a cross section curve with a maximum value of 6.4 ϫ10 Ϫ16 cm 2 at 50 eV compared to a maximum value of 6.1ϫ10
Ϫ16 cm 2 at 70 eV. This is a fairly minor change which does not affect the validity of the statements made in the previous paragraphs in a substantial fashion. For WO, the difference between the calculated ionization energy of 6.4 eV and the measured ionization energy of 9.1 eV ͑which is the result of a single measurement with a comparatively large uncertainty of 1 eV͒ 9 is somewhat larger. The effect of substituting the measured value for the calculated value in the ionization cross section calculation is a shift of the maximum value from 6.8ϫ10
Ϫ16 cm 2 at 30 eV to 5.9 ϫ10 Ϫ16 cm 2 at 40 eV. This would reduce the maximum WO ionization cross section to a value slightly below the maximum atomic W ionization cross section, but it would also not affect the general validity of the previous conclusions about the ionization cross sections of W and the WO x molecules. Last, we note that the calculated ionization energy for WO 3 ͑13 eV, see Table VI͒ is in satisfactory agreement with the experimental value of 12.2 eV ͑which has 0.5 eV uncertainty and represents the average of six individual measurements͒. 
B. Calculations using the MAR
We also carried out ionization cross section calculations using the semi-empirical MAR. The MAR has been described in detail in recent publications 12, 13 to which we refer the reader for further information. Briefly, additivity rules in their simplest form stipulate that the ionization cross section of a molecule is given as the sum of the atomic ionization cross sections of the constituent atoms of the molecule. Several variants of this simple additivity rule incorporated ways to account for molecular bonding. The MAR utilizes sets of empirically determined weighting factors to account for molecular bonding for various families of molecules with the same sum formula, i.e., for molecules of the form AB x , A x B y , and A x B y C z . When applied to AlO and Al 2 O, the MAR formalism reproduces the respective cross sections calculated with the DM method to within about 10%-15% in terms of the maximum cross section value ͑Fig. 3͒ and thus confirms the cross section ordering obtained from the DM calculations. In the case of WO x , the MAR calculations confirm the prediction from the DM calculation that all three molecules have essentially the same maximum ionization cross section value. However, the absolute MAR cross sections are smaller than the DM cross sections by about 30%. It is interesting to note that a similar 30% discrepancy in the absolute ionization cross section values obtained from the MAR method ͑Fig. 4͒ and the DM formalism, respectively, was also found recently for the molecule WF 6 .
14 Finally, we mention that another semi-rigorous method for the calculation of molecular electron-impact ionization cross sections was developed by Kim and co-workers, the so-called binary-encounter bethe ͑BEB͒ model. 15 Similar to the DM method, the BEB model was derived from a method that was initially developed for the calculation of atomic ionization cross sections, the binary-encounter dipole method. 16 The BEB method has been applied successfully to the calculation of ionization cross sections of more than 30 molecules and radicals. 17 As shown in the recent review of Deutsch et al., 6 the DM formalism and the BEB formalism predict ionization cross sections which are in very good to satisfactory agreement with each other and with experimental data for most target species where results from both calculations and reliable experimental data are available. To the best of our knowledge, no BEB calculations have been reported for the species AlO, Al 2 O, and WO x (xϭ1 -3).
IV. SUMMARY
We applied the DM formalism in a series of calculations of absolute electron-impact ionization cross sections for the oxides AlO, Al 2 O, WO x (xϭ1 -3). In the case of AlO and A 2 O we found that the AlO ionization cross section is much smaller than the atomic Al ionization cross section, whereas the Al 2 O ionization cross section is much larger than the AlO cross section and somewhat larger than the Al cross section. In the case of WO x , all three molecules have maximum ionization cross section values that are roughly the same and that are also very similar to the atomic W ionization cross section. These findings can be understood by analyzing the DM calculations for these species as well as on the basis of semi-classical arguments. In addition, calculations using the semi-empirical MAR confirm the trends in the cross section ordering for, respectively, the Al-containing and W-containing compounds that was predicted by the DM formalism, at least qualitatively. 
